Cell engraftment is a new strategy for the repair of ischemic myocardial lesions. The hemodynamic effectiveness of this strategy, however, is not completely elucidated yet. In a rat model of cryothermia-induced myocardial dysfunction, we investigated whether syngeneic transplantation of neonatal cardiomyocytes or satellite cells is able to improve left ventricular performance. Myocardial infarction was induced in female Lewis rats by a standardized cryolesion to the obtuse margin of the left ventricle. After 4 weeks, 5 × 10 6 genetically male neonatal cardiomyocytes (n = 16) or satellite cells (n = 16) were engrafted into the myocardial scar. Sham-transplanted animals (n = 15) received injections with cell-free medium. Sham-operated animals (n = 15) served as controls. Left ventricular performance was analyzed 4 months after cell engraftment. Chimerism after this sex-mismatched transplantation was evaluated by detection of PCR-amplified DNA of the Y chromosome. The average heart weight of the infarcted animals significantly exceeded that of controls (p < 0.05). In sham-transplanted animals, mean aortic pressure, left ventricular systolic pressure, aortic flow (indicator of cardiac output), and left ventricular systolic reserve were significantly lower (p < 0.05) compared with sham-operated controls. This was associated with deterioration of ventricular diastolic function (maximal negative dP/dt, time constants of isovolumic relaxation; p < 0.05). Transplantation of satellite cells was found more effective than transplantation of neonatal cardiomyocytes, resulting in i) normalization of mean aortic pressure compared with sham-operated controls, and ii) significantly improved left ventricular systolic pressure and aortic flow (p < 0.05) compared with sham-transplanted animals. Left ventricular systolic reserve and diastolic function, however, were improved by neither satellite cell nor neonatal cardiomyocyte transplantation. Analysis of male genomic DNA revealed 3.98 ± 2.70 ng in hearts after neonatal cardiomyocyte engraftment and 6.16 ± 4.05 ng in hearts after satellite cell engraftment, representing approximately 10 3 viable engrafted cells per heart. Our study demonstrates i) long-term survival of both neonatal cardiomyocytes and satellite cells after transplantation into cryoinfarcted rat hearts, ii) slight superiority of satellite cells over neonatal cardiomyocytes in improving global left ventricular pump performance, and iii) no effect of both transplant procedures on diastolic dysfunction.
INTRODUCTION
cannot meet the demand for tissue regeneration (1) . Consequently, irreversible damage of the myocardium results The myocardium of adult mammals lacks the ability in development of fibrotic, noncontractile scar tissue. to regenerate functional muscle after injury. Although This causes time-dependent, complex alterations of the DNA synthesis and nuclear mitotic division persist in ventricular architecture, involving infarcted as well as the adult heart, the rate of proliferation is minimal and preserved tissue areas and, ultimately, leads to perma-nent myocardial dysfunction in the process of ventricu-37°C with 10 ml trypsin (0.12%)/collagenase (0.03%) in PBSAG solution [phosphate-buffered saline (Ca 2+ , Mg 2+ lar remodeling.
A potential strategy for the treatment or prevention free) with gentamycin 100 mg/L and glucose 0.1%]. The supernatant of the first two digestive steps was dis-of heart failure due to myocardial infarction is to provide additional endogenous power by increasing the number carded. Subsequent supernatants were poured into centrifuge tubes, containing ice-cold growth medium (CMRL of functional myocytes (i.e., transplanting cells into the infarcted region). Different cell types have been used, in 1415 ATM, Biochrom, Berlin, Germany), and supplemented with 10% fetal calf serum to neutralize the pro-particular neonatal cardiomyocytes (18, 23, 35) and skeletal myoblasts (satellite cells) (6, 31, 43) . These studies have teolytic effect of trypsin. The cell suspensions were centrifuged, the supernatants discarded, and the cell pellets demonstrated short-term survival of exogenously supplied cells in both normal myocardium and myocardial resuspended in fresh growth medium. The myocytes present in the suspension were separated from the other scar. Electron microscopy suggested the presence of nascent intercalated disks connecting engrafted cells and types of cells by a differential attachment technique. For this purpose the cell suspension was distributed in cul-host myocardium (41, 43) . However, a recent study demonstrated that grafted skeletal myoblasts at 1 year after ture flasks and incubated at 37°C in 5% CO 2 for 2 h. During this period, the majority of nonmuscle cells at-transplantation exhibit a well-differentiated skeletal myocyte pattern, but no junctions or intercalated disks (9) .
tach to and spread out on the surface of the flasks. At the end of the incubation period, the supernatants con-In addition, there is evidence that those transplanted cells do not express connexin 43 (39) .
taining the neonatal cardiomyocytes were pooled and counted. The key question for cell transplantation into the injured heart is whether this approach will be able to Satellite Cell Isolation and Culture improve left ventricular performance in a hemodynamically relevant fashion. The previous results of experiments Satellite cells were obtained from the limbs of newborn male Lewis rats whose hearts had been harvested with satellite cell and neonatal cardiomyocyte grafting suggest that the principal requirements for functional to isolate neonatal cardiomyocytes. The muscles were minced and placed in sterile culture dishes with PBS. improvement (e.g., integration of the cells) might be achieved (5, 35, 41, 44) . Little is known, however, on Enzymatic disaggregation of the tissue was performed at 37°C by incubation with 0.1% collagenase, 0.15% long-term survival of those transplanted cells within infarcted lesions and their capability to improve ventricu-trypsin in PBS, and 0.1% BSA. After digestion, depletion of the fibroblasts was performed by magnetic cell lar function (9, 31) .
Using a rat model of moderate and chronically persis-sorting. For this purpose, cells were counted and incubated for 1 h with goat anti-rat N-CAM antibodies, rec-tent left ventricular dysfunction (14), the purpose of our study was i) to analyze long-term (4 months) survival of ognizing the myogenic cells (Santa Cruz Biotechnology Inc., Santa Cruz, CA) (1.2 × 10 6 cells in 300 µl). There-transplanted neonatal cardiomyocytes and satellite cells, and ii) to quantify their effect on left ventricular perfor-after, the cells were washed twice in PBS and suspended in 300 µl PBS with 5% fetal calf serum in an Eppendorf mance, including systolic and diastolic ventricular function.
tube. Magnetic beads coated with rabbit anti-goat IgG (American Qualex, San Clemente, CA) were then added MATERIALS AND METHODS and the suspension was incubated on ice for 2 h, inter-The investigation adhered to the "Guide for the Care rupted every 15 min for gentle stirring. Following inand Use of Laboratory Animals" (NIH publication No. cubation, each tube was placed in the magnetic beads 85-23, revised 1996) and was in accordance with the collector (Dynal, Oslo, Norway) for 5 min, where the German legislation on protection of animals.
labeled myogenic cells were attracted to the side of the tube by the magnetic field. The unbound cells (nonmyo-Neonatal Cardiomyocyte Isolation Procedure genic cells) run through the magnetic phase. The satellite cells, adhering to the magnetic beads, were sus-Hearts of up to 1-day-old newborn male Lewis rats were harvested. Syngeneic rats were used to avoid im-pended in 2 ml PBS 5% fetal calf serum and centrifuged for 10 min at 350 × g. Thereafter, cells were resus-mune barriers to transplantation. The atria and great vessels were trimmed and discarded. The ventricles were pended in skeletal muscle cell growth medium (Promo-Cell, PromoCell GmbH, Heidelberg, FRG) (2 × 10 5 cut into pieces and placed into ice-cold phosphate-buffered salt solution (PBS). Isolation of muscle cells was cells/ml medium). The medium was replaced after 24 h and afterwards changed every second day. To prevent performed according to the method of Werdan and Erdmann (46) . Briefly, the pieces of myocardium were premature differentiation before engrafting, satellite cells were grown at densities less than 70%. At the time of deaggregated into single cells by repeated treatment at intracardiac injection, myoblasts were harvested with between 40-50% (32) and 80% (30) . In contrast, myocardial necrosis induced by cryothermia represents an 0.05% trypsin, EDTA 0.02%. Trypsin was inactivated by the addition of growth medium. Thereafter, satellite appropriate model of myocardial infarction as confirmed by histological studies, which revealed a cellular pattern cells were washed and approximately 10 7 cells were resuspended in a volume of 100 µl serum-free Dulbecco's of healing cryolesions closely corresponding to that seen in healing myocardial infarctions (17, 25) . In addition, modified Eagle medium (DMEM).
hemodynamic studies showed that a moderate but con-Cryoinjury to the Myocardium stant and reproducible dysfunction of the left ventricle, as evidenced by pressure-derived indices and a reduced Female Lewis rats with a body weight of 180-200 g (n = 75) were anesthetized by pentobarbital (50 mg/kg cardiac output, can be generated using standardized myocardial cryothermia (14). body weight, IP), intubated orally (Venflon 2, 14-gauge IV cannula; Ohmeda, Helsingborg, Sweden), and venti-The 4-week period after cryoinjury before injecting the cells for transplantation was chosen because histo-lated mechanically with room air (rodent ventilator, Harvard, model 683, South Natick, MA). The heart was ex-logical studies could clearly demonstrate that the healing process with final scar formation after cryoinjury in the posed through a median sternotomy. Cryothermia was induced to the obtuse margin of the left ventricular wall rat requires a time period of 21-22 days (8). using a 5-mm-diameter cylindrical cryoprobe (Erbokryo PS, Erbe, Tübingen, Germany), cooled by internally cir-Cell Implantation culating liquid nitrogen to −160°C. Cryothermia was ap-At day 28 after cryothermia-induced infarction, rats plied by three freeze cycles of 1 min each, which were were again anesthetized, intubated, and mechanically ventiinterrupted by 1-min thawing intervals. Care was taken lated. A left-sided antero-lateral thoracotomy was perthat the probe was administered only when the definite formed and the adhesions between the lung and the crycooling temperature was reached and the ice crystals odamaged area of the heart were dissected. Thereafter, were removed. The size of the initial nonperfused (is-5 × 10 6 neonatal cardiomyocytes or satellite cells in chemic) infarction achieved by this procedure is ϳ25 50 µl serum-free medium were injected into the healed mm 2 (12). However, the border zone, encompassing a cryoinfarcted lesion using a 27-gauge needle. Shamtotal area of ϳ60 mm 2 , is known to be additionally comtransplanted controls received injections with medium promised by alteration of vascular perfusion and tissue only. After cell transplantation, a chest drainage tube integrity (13).
was inserted, and the chest was closed in layers. The After the induction of the cryoinjury, the center of rats were then weaned from the respirator and extubated. the cryodamaged area was marked by a 7-0 prolene su-
The chest tubes were removed after extubation. ture. After cryothermia, a chest drainage tube was inserted, and the thorax of the animals was closed. The rats were Analysis of Hemodynamic Parameters then weaned from the respirator and extubated. The chest tubes were removed within the first 2 h after extu-At day 120 after cell transplantation, rats were again anesthetized, intubated, and ventilated mechanically. Sur-bation.
Although the most commonly used model of heart face limb-lead ECG was installed. The right jugular vein was cannulated and a polypropylene catheter (PE-50, failure in the rat is coronary artery occlusion by ligation, we have chosen the cryoinjury model due to several rea-0.58 mm inner diameter, Portex, Lythe, Kent, UK) was advanced to the right atrium for monitoring of right sons. Standardized left coronary artery ligation in the rat is hampered by the fact that both coronary arteries enter atrial pressure. A 3F catheter-tip micromanometer (Millar Instruments Inc., Houston, TX) was inserted into the the myocardium directly after branching off from the aorta, being completely surrounded by myocardium ascending aorta via the right carotid artery. The catheter was calibrated directly before insertion according to the throughout their entire course (40). Attempted left coronary artery ligation between the pulmonary cone and the manufacturer's instructions. Central aortic phasic and mean arterial pressures were recorded and the catheter left auricular appendage may fail to occlude the artery and thus fail to produce infarction (32) . In addition, the was then advanced into the left ventricle under constant pressure wave monitoring. Left ventricular (LV) systolic complete occlusion of the left main coronary artery results in a high variability of infarct size (32, 50) , which and end-diastolic pressures were determined and the first derivative of LV pressure over time (dP/dt) was calcu-is associated with the consequence of a wide range of severity of left ventricular functional impairment from lated using an automatic software-based data acquisition system (DASYLab 3.5, Datalog, Mönchengladbach, barely detectable changes to overt congestive heart failure. Finally, rat coronary artery ligation is also associ-Germany). After assessment of baseline hemodynamic para-ated with an extremely high mortality, which may range 760 HUWER ET AL. meters, a median sternotomy was performed. The DNA Isolation ascending aorta was exposed and dissected free from the Formalin-fixed and paraffin-embedded rat hearts were pulmonary artery. An ultrasonic flow probe (2.0 mm indeparaffinated with xylene. After exchange with absoternal diameter; Transonic Systems Inc., Ithaca, NY) lute ethanol the specimens were air dried until the ethawas placed around the aorta for recording of aortic flow nol was completely evaporated. The tissue was minced as an indicator for cardiac output (neglecting coronary and ground to a fine powder under liquid nitrogen in a flow). During aortic flow measurement, the micromaprecooled mortar. Incubation in lysis buffer, containing nometer-tipped catheter was pulled back to the carotid RNAse A (300 µg/ml) and proteinase K (20 mg/ml), artery. After assessment of aortic flow, the flow probe was carried out overnight at 50°C. DNA was extracted was removed and the catheter-tip manometer was reinwith anion-exchange columns (Qiagen, Hilden, Gerserted into the left ventricle. A tourniquet was passed many). around the ascending aorta and isovolumic (except for PCR Amplification coronary flow) contractions were produced by abrupt occlusion of the aorta. Recordings of peak left ventricu-To analyze long-term survival of cell transplants, chilar systolic pressure and peak dP/dt were performed over merism after the sex-mismatched transplantation (male the first six stable beats after occlusion. This procedure cells transplanted into female hearts) was evaluated by was repeated twice. After recovery, as indicated by stadetection of PCR-amplified DNA of the Y chromosome. ble circulatory conditions, an arterial blood sample was PCR amplification was performed in a Biometra Pertaken to measure pH, blood gas tensions, hemoglobin sonal Cycler using 200 ng DNA, 50 µl Taq PCR Master concentration, and hematocrit. Thereafter, diastolic ar-Mix (Qiagen), and 0.5 µM each of primers 91ESfor1 rest was induced by IV injection of potassium chloride and 91ESrev1 in a total volume of 100 µl. The temperaand the hearts were harvested for histological processing ture profile was as follows: 3-min denaturation at 95°C; and PCR analysis.
40 cycles of 30 s at 94°C, 30 s at 65°C, and 30-s extension at 72°C.
Analysis of Left Ventricular Function
The sequences of the primers were: 91ESfor1 5′-CC Left ventricular function was assessed by commonly GTTCCAGGCTGGAAAGGCTTGTAG-3′, and 91ES employed methods as described previously in detail (14). rev1 5′-CAGACTGGGAAACCCATGTTTGGTCCAC-Overall pump performance was evaluated by measure-3′ to target a sequence on the Y chromosome of rat. A ment of phasic and mean aortic as well as ventricular sample (10 µl) of the PCR product was analyzed on a pressures. Left ventricular end-diastolic pressure (LVEDP) 2% agarose gel containing ethidium bromide for visualwas defined on the left ventricular pressure curve at the ization. Images were obtained on a Geldoc (BioRad, time point when dP/dt was 50 mmHg/s. Determination Munich, Germany) and analyzed using the Quantity One of LVEDP according to the R-wave of the ECG alone software. was not always possible because of infarction-induced DNA Sequencing R-wave deformations. The maximal first derivative of left ventricular pressure over time (dP/dt) during the iso-PCR products were cloned into a TOPOR cloning volumic phase of contraction was used as an index of vector (Invitrogen, Groningen, The Netherlands). E. coli contractility. Peak systolic pressure and peak rate of was transformed and plated on culture dishes containing pressure rise after maximal afterload stress by aortic ocantibiotics and IPTG/X-Gal for white/blue selection. clusion, which represent the maximal pressure-generat-Overnight cultures were inoculated with positive clones ing capability of the left ventricle, were used to quantify and plasmid DNA was isolated using the Miniprep systhe systolic reserve. These parameters enable to compare tem (Qiagen). A conventional chain termination method function of different ventricles, varying in baseline loadof sequencing was performed using IRD-800-labeled ing conditions (23, 32) . The ejection phase index aortic M13 primer pairs (MWG-Biotech, Ebersberg, Germany) flow was measured as an indicator for cardiac output and thermo sequenase cycle sequencing kit (AP-Bio-(neglecting coronary flow). tech). The nucleotide sequence was determined with the To quantify active relaxation of the left ventricle, the fluorescence sequencer L4200 (LI-COR, Lincoln, NE). peak rate of pressure fall, the time constant of isovo-Sequence data were compiled and analyzed using the lumic pressure decrease (τ) after peak negative dP/dt, DNAstar software (Lasergene, Madison, WI). and the value of dP/dt at a common isovolumic pressure Semiquantitative Evaluation of Male point (e.g., 30 mmHg) were assessed (14,24,45). Time
Transplanted Cells constants were defined as the time required for the pressure at peak negative dP/dt to be reduced to 1/e (or 37%)
A serial dilution of male genomic DNA was submitand 1/2, respectively, and indicate how fast the heart is ted to Y chromosome PCR analysis. The PCR products relaxing (34) .
of varying amounts of Y chromosomal DNA (Fig. 1) were extracted by QIAquick Gel Extraction Kit (Qiagen) between the groups. During the postoperative course, weight gain was similar in infarcted and noninfarcted and quantified by fluorescence measurement after staining with bisbenzimide (Hoechst, Frankfurt, Germany).
animals (Table 1) . By contrast, mean heart weight and heart weight/body weight ratio were significantly higher Quantified amount of DNA was related to the PCR products of the hearts after cell transplantation. Ten of 4 months after cryoinfarction when compared with noninfarcted controls, irrespective of whether cells had been 16 hearts of each transplanted group were used for PCR analysis.
transplanted or not (Table 1) . Hemoglobin concentration, hematocrit, pH, arterial oxygen pressure, and arte-Experimental Protocol rial carbon dioxide pressure were found to be within the The study included a total of 75 female Lewis rats.
physiological range and did not differ between the Cryothermia was applied to induce infarction in 60 anigroups studied (data not shown). mals. Ten of these animals died postoperatively after Systemic and left ventricular hemodynamic paramecryoinfarction, and three animals died after cell transters, analyzed at day 120 after cell engraftment, sham plantation and sham transplantation, respectively. Thus, transplantation, and sham operation, are given in Table the mortality rates of these procedures were 17% and 2. In sham-transplanted animals, cryoinfarction induced 6%, respectively. a significant decrease (p < 0.05) in peak systolic aortic The following groups were studied: neonatal cardiopressure, mean aortic pressure, left ventricular systolic myocyte transplantation (n = 16), satellite cell transplanpressure, and aortic flow compared with sham-operated tation (n = 16), and sham transplantation (n = 15) were controls, but did not affect heart rate, peak diastolic aorperformed at day 28 after cryoinfarction. Sham-operated tic pressure, left ventricular end-diastolic pressure, and animals without induction of cryoinfarction and without central venous pressure. Apart from the tendency tocell transplantation served as controls (n = 15). Analysis wards normalization of aortic flow, neonatal cardiomyoof hemodynamic parameters and cell survival was percyte transplantation was not effective in improving the formed at day 120 after cell transplantation and sham cryoinfarction-induced derangement of systemic and left transplantation, respectively. ventricular hemodynamic parameters ( Table 2 ). In contrast, animals with satellite cell transplantation revealed Satellite Cell Transfection recovery of mean aortic pressure compared with sham-In some additional animals enhanced green fluoresoperated controls, and a significantly higher left ventriccent protein (EGFP)-transfected satellite cells were transular systolic pressure and aortic flow compared with planted into 4-week-old cryolesions. Transfection of the sham-transplanted, cryoinfarcted animals ( Table 2 ). isolated satellite cells was performed with pEGFP-N1-Pressure-derived isovolumic indices of contractility plasmide using the calcium-phosphate method (BD Bioand relaxation, analyzed at day 120 after cell engraftsciences, Clontech, Palo Alto, CA). From day 5 after ment, sham transplantation, and sham operation, are transfection, selection was performed via neomycin regiven in Tables 3 and 4 . In sham-transplanted animals, sistance (500 µg/ml). Successful transfection was proven cryoinfarction induced a significant decrease (p < 0.05) by fluorescence microscopy (488 nm). At 4 months after of aortic occlusion-provoked maximal positive dP/dt and transplantation of those cells, the heart of the animals peak systolic pressure, and a significant increase (p < was harvested, and the myocardium was enzymatically 0.05) of the time constant of isovolumic pressure decline digested by coronary collagenase perfusion and direct to 1/e and 1/2 as well as the negative dP/dt at an isoprestissue collagenase digestion. Single EGFP-transfected sure point of 30 mmHg. This deterioration of left vencells were identified and visualized by fluorescence mitricular systolic reserve and left ventricular elastic becroscopy (488 nm).
havior was improved neither by neonatal cardiomyocyte nor by satellite cell transplantation, except for negative Statistics dP/dt at an isopressure point of 30 mmHg, which was Values are given as means ± SEM. Data were anafound almost normalized when compared with that of lyzed for normality and equal variance. After Kruskal sham-operated controls (Tables 3 and 4 ). Wallis one-way analysis of variance on ranks, differ-Using serial dilution (Fig. 1) , the detection limit of ences between individual groups were tested by post male genomic DNA was determined as 12 pg. Total hoc Student-Newman-Keuls test. Overall statistical DNA of the whole heart preparations of the transplanted significance was set at p < 0.05. Statistical analyses rats was subjected to PCR amplification. In all hearts were performed using SigmaStat (Jandel Corp., San Rafthat underwent either neonatal cardiomyocyte (n = 10) fael, CA).
or satellite cell transplantation (n = 10), an amplification RESULTS product of 627 base pairs could be detected (Fig. 2) . Sequencing of this amplification product revealed The average body weight of the animals at the beginning of the experiment was 186 ± 11 g and did not differ >99% homology compared with RN9.1ES8 DNA se- quence (7) . The amplified Y chromosomal sequences cardium at 4 months after transplantation of EGFP-transfected satellite cells could identify individual, viable were quantified and related to the results of the serial dilution (calibration). Based on this calculation, male ge-cells that presented with green fluorescence (Fig. 3 ). nomic DNA was 3.98 ± 2.70 ng in hearts with neonatal DISCUSSION cardiomyocyte engraftment and 6.16 ± 4.05 ng in hearts with satellite cell engraftment. According to the assump-Neonatal cardiomyocytes and satellite cells are potential donor sources for cellular cardiomyoplasty. In the tion of 4 × 10 9 bp per diploid genome, representing approximately 4 pg total DNA per cell, the estimated num-present study, we demonstrate successful long-term survival of neonatal cardiomyocytes and satellite cells when ber of viable transplanted neonatal cardiomyocytes and satellite cells per heart is ϳ1000 and ϳ1500, respec-transplanted into the scar of a myocardial cryolesion. Further, our study indicates that satellite cells may be tively.
Fluorescence microscopic analysis of digested myo-superior over neonatal cardiomyocytes in both engraft- ment within the host tissue and improvement of global lar junctions resembling intercalated disks (5, 6, 49) , coupling with cardiomyocytes may not occur, particular-left ventricular performance.
Morphologic studies have suggested successful short-ly in the case of transplantation into myocardial scar tissue (4, 5, 31, 43) . In fact, morphology of cell-cell com-term engraftment of transplanted neonatal cardiomyocytes and satellite cells into both healthy and damaged munication after skeletal myoblast transplantation is still a matter of controversial discussion. A recent report by myocardium (4, 5, 31) . Mitotically active neonatal cardiomyocytes are known to differentiate after transplantation Ghostine et al. (9) demonstrates that grafted skeletal myoblasts 1 year after transplantation exhibit a well-differ-into a morphologic phenotype of adult cardiomyocytes (10, 35, 39, 41) , to form intercalated disks between each entiated skeletal myocyte pattern, however, without any junctions or intercalated disks. In addition, there is evi-other and host cardiomyocytes (20, 41) , and to present with intact gap junctions (10, 18, 35) . In contrast, satellite dence that those transplanted cells do not express connexin 43 (39). cells transplanted into myocardium have to convert from fast-twitch to slow-twitch fibers (31) . Although these Little is known on the time course and the rate of cell survival in cellular cardiomyoplasty. Short-term survival cells are thought to be also capable of forming gap junctions (31, 43) and to couple with each other by intercellu-of 2-6 weeks has been documented after both neonatal cardiomyocyte and satellite cell transplantation (2,3,11, grafted into infarcted tissue (21) . The present study now shows some long-term survival of neonatal cardiomyo-39,43). In addition, in healthy myocardium of rats, Müller-Ehmsen and coworkers (27, 29) demonstrated in two cyte transplants within myocardial infarcts, and for the first time indicates that long-term survival of satellite studies a 20% and 15% neonatal cardiomyocyte survival at 12 weeks after transplantation. Strikingly, in infarcted cells is even superior to that of neonatal cardiomyocytes. We are aware that the method used for quantification myocardium these authors showed in a recent report a 62% neonatal cardiomyocyte survival at 6 months after of surviving cells [e.g., extrapolating the initial amount of DNA from yield after PCR (36)] bears potential inac-transplantation (28), while others have observed lymphocyte-mediated chronic rejection of the transplanted curacy due to variability in efficiency of amplification (48) . Nonetheless, the number of viable cells observed neonatal cardiomyocytes over a 20-week period when in our study at 120 days after transplantation into scar Cellular cardiomyoplasty also did not prevent or reverse hypertrophic reaction, representing the ventricular re-tissue is considerably lower compared with that observed at 84 days after transplantation into healthy myo-modeling as an adaptive response to the loss of contractile units. cardium (27) , indicating a more pronounced progressive cell death over time. More likely, engraftment may be Scorsin and coworkers (39) have suggested that satellite cells are as effective as fetal cardiomyocytes for im-compromised due to unfavorable host tissue conditions with reduced nutritive vascular density in the healed in-proving postinfarction left ventricular function. The results of the present study, however, indicate superiority farcted area (13), representing an ischemic environment for the transplanted cells. Thus, our results support the of satellite cells over neonatal cardiomyocytes. This discrepancy may be due to the different experimental setup view that the host tissue should be pretreated with growth factors to induce angiogenesis and appropriate used in the two studies. Scorsin et al. (39) performed cellular cardiomyoplasty as early as 1 week after cre-nutritive vascularization.
Our results of long-term neonatal cardiomyocyte sur-ation of myocardial infarction and studied left ventricular function 4 weeks after cell transplantation. In the vival are also not in agreement with the high survival rate of 62% observed by Müller-Ehmsen and coworkers present study, cellular cardiomyoplasty was performed 4 weeks after creation of infarction to allow complete (28) , which may be due to the fact that those neonatal cardiomyocytes were transplanted already 1 week after formation of scar tissue. That neonatal cardiomyocytes in our model were less effective compared with satellite left coronary artery ligation, while in the present study the cells were grafted 4 weeks after cryoinfarction, pres-cells in improving left ventricular function at day 120 after transplantation may be due to the fact that neonatal enting conditions of fully developed scar tissue. Overall, there is evidence of a high rate of cell death of trans-cardiomyocytes are more sensitive to hypoxia, resulting in a more compromised engraftment within the hypoxic planted neonatal cardiomyocytes during the very early posttransplant period (47) , which is also supported by environment of the scar tissue. This view is supported by our PCR analysis, indicating lower cell survival in another study of Müller-Ehmsen et al. (29) , indicating a 76% loss of grafted cells already at 24 h after transplan-hearts that underwent neonatal cardiomyocyte transplantation (see Fig. 2 ). However, the higher number of satel-tation. This would be in agreement with the results of our study, that after a long-term posttransplant period only lite cells can also be due to the fact that these cells are known to be able to proliferate after engraftment before a minor fraction of surviving cells can be found.
Using echocardiography (19, 39) , micromanometry, final fusion (42) .
The mechanisms by which cell engraftment improves and sonomicrometry (2, 3, 11, 37, 43) , as well as the Langendorff preparation (16,20,38), a number of previous stud-ventricular function are not yet fully understood. Connecting and aligning of engrafted cells with host cardio-ies have indicated that neonatal cardiomyocyte and satellite cell engraftment are able to improve left ven-myocytes is proven by several authors, but mostly in healthy myocardium (18, 41) . The modulation of the pro-tricular function for a short time period of 2-8 weeks after transplantation. Improvements include both left cess of remodeling by the transplanted cells (38), in particular the targeting of the cell-matrix interaction to in-ventricular systolic (11, 20, 33, 39) and diastolic performance (2, 3, 11) . At 6 months after neonatal cardiomyo-fluence the process of apoptosis, and the induction of the most appropriate microenvironment through extra-cyte transplantation, studies with biplane angiography indicated an improvement of left ventricular ejection cellular matrix remodeling (26), as well as the induction of angiogenesis (15, 21, 22) , are also potential mecha-fraction, although left ventricular volumes were found unchanged (28) . In addition, by echocardiography Ghost-nisms that influence ventricular function. Nonetheless, the effect of transplanted cells on left ine and coworkers (9) demonstrated at 4 and 12 months after skeletal myoblast transplantation a significant de-ventricular performance seems to be strongly dependent on the type of cells engrafted and the rate of survival. crease of left ventricular end-diastolic volume, which was associated with an increased ejection fraction. In Survival in the range of some 10 3 cells per heart at 120 days after transplantation should be increased to more the present study, the detailed in vivo analysis of left ventricular systolic and diastolic parameters demon-effectively improve left ventricular performance. Therefore, future studies have to focus on i) the stimulation strates that transplantation of satellite cells is slightly more effective than that of neonatal cardiomyocytes, re-of angiogenesis and microvascularization of the target area of cell engraftment, and ii) the increase of ischemic sulting in normalization of mean aortic pressure and significant improvement of left ventricular systolic pressure tolerance by conditioning the cell transplants before transplantation. and cardiac output. Left ventricular systolic reserve and elastic behavior, however, were affected neither by sat-
In conclusion, we demonstrate by the use of a cryoinfarction model in syngeneic Lewis rats that both neo-ellite cell nor by neonatal cardiomyocyte transplantation. and ventricular function after local alginate-encapsulated angiogenic growth factor treatment in a rat cryothermia-
